Abstract--The basal spacings of montmorillonites with Li, Na, K, Cs, Mg, Ca, St, Ba, and Pb interlayer cations were measured after immersion in dimethylsulfoxide (DMSO) and in water-DMSO mixtures. In DMSO alone, the spacings were in the range 18.3-19.3/~. and fell on or near a single curve when plotted against ionic field strength, q/r z, where q = valence and r = ionic radius. These spacings correspond to double layers of DMSO molecules between the silicate layers. Water had practically no effect on the spacings when the mole fraction of DMSO exceeded about 35-45%. Osmotic swelling of Li-, Na-, and K-montmorillonite occurred up to mole percentages of DMSO 45%, 30%, and 10%, respectively. K-and Cs-montmorillonite formed single-layer complexes in appropriate water-DMSO mixtures with spacings of 14.3/~ prior to development of double-layer complexes when the mole fraction of DMSO exceeded 35% and 15%, respectively.
INTRODUCTION
The present work extends an earlier study of the behavior of montmorillonite in water-organic mixtures (Brindley et al., 1969) . The water-dimethylsulfoxide (DMSO) system is of interest because both molecules are highly polar, and in the previous study unusual behavior was observed with Ca-montmorillonite in wateracetone mixtures. Acetone, O--C(CH3)2, and DMSO (O= S(CHa)2) have similar molecular forms.
The structure of the DMSO molecule was determined by Thomas et al. (1966) by a detailed structure analysis of crystalline material at 5~ The molecule is markedly pyramidal with the S atom 0.706/~ away from the nearly equilateral triangle formed by the atoms O, C1, C,2, with OC1 = 2.656 ]k, OC~ = 2.697 ,~, and C~Cz = 2.685 (notation of Thomas et al., 1966) . The dipole moment of DMSO, 3.96 D (Dreizler and Dendl, 1964) , arises mainly from the covalent S=O bond; the value is considerably greater than the dipole moment of water, 1.87 D. Camazano and Garcia (1966) and Garcia et al. (1967) found that the basal spacings of DMSO-montmorillonire complexes decreased almost linearly with an increase of layer charge and increased linearly with the radius of the exchangeable cations, but on separate lines for R +-and W+-montmorillonites. Camazano and Garcia (1%8) studied DMSO-vermiculite complexes. Olejnik et al. (1974) and Berkheiser and Mortland (1975) concluded that the swelling of montmorillonites in various polar organic liquids could not be correlated in any simple way with bulk properties of the liquids, such as dielectric constant and surface tension, nor with their dipole moments. Berkheiser and Mortland (1975) considered that the degree of dehydration of the montmorillonite prior to sotvation in the organic liquids Copyright O 1980 , The Clay Minerals Society had little effect on the basal spacings of the complexes, but possibly had an effect on the positions of the interlayer cations.
The present experiments consider the swelling of montmorillonites in water-DMSO mixtures and, in particular, whether unusual swelling can occur similar to that found in water-acetone mixtures. Since water and DMSO are both strongly polar molecules, it was of interest to determine whether or not long-range osmotic swelling was possible in mixtures of the two liquids. It was also of interest to consider if the size or the electrical field of the interlayer cations is the more important factor determining the swelling of montmorillonite in DMSO.
EXPERIMENTAL

Materials
A Wyoming montmorillonite, previously saturated with Na and sedimented to give a particle size of <2 tzm was saturated with Li +, K +, Cs +, Mg 2+, Ca 2+, Sr 2+, Ba 2+, and Pb 2+ by several treatments with 0.1 N chloride solutions followed by washing until free of C1-(AgNO3 test). Particular attention was given to Cs + saturation, as will be described below. A chemical analysis of the Na-montmorillonite (A. Tsunasbima, analyst) gave the following formula for material dried at 110~ Nao.34(H20)o.al(All.ssFe0.19Mgo.2~)(Si3.02Alo.os)Olo(OH)2-
Solvation procedure
Thin, oriented samples of the montmorillonite were prepared on glass slides using materials dispersed in deionized water. They were dried in air near 35~176 and at relative humidities near 30%.
Water-DMSO solutions, prepared with desired mole Shannon (1976) .
(1) Garcia et al. (1967) . (2) Olejnik et al. (1974) .
(3) Berkheiser and Mortland (1975) .
ratios, were contained in closed tubes in which the claycoated slides stood vertically. The liquids overlapped part of the clay coating, and the remaining clay, to be examined by X-ray powder diffraction, was wet by imbibition. The slides with some excess liquid were transferred to the diffractometer enclosure after periods of about 1, 2, 4,... days. Usually no further change was observed after 1 day, but in a few cases longer periods were necessary to obtain maximum swelling of the clay. The open tube containing the water-DMSO solution also was placed in the diffractometer enclosure.
X-ray powder diffraction examination (XRD)
Data were obtained with Ni-filtered CuKc~ radiation, with a recording rate of l~ and a chart speed of 2~
Recordings were made to the highest observable 00( diffractions, usually ~e = 9 or 10.
RESULTS AND DISCUSSION
DMSO complexes
The basal spacings of complexes formed with various cation montmorillonites are listed in Table 1 , together with previously published data. For the RZ+-montmorillonites, the results obtained here and by other investigators are in very close agreement, but for the R +-montmorillonites, the results in some cases vary considerably.
A relationship was sought to correlate the spacings for both series of montmorillonites. Table 2 and Figure  1 show that, within the limits of experimental error, most results fit a common curve when d(001) is plotted against q/r 2 (q = valency; r = radius of the exchangeable cations). The spacings for Cs-and Pb-montmorilrlonite are clearly off the curve. This result for Pb-montImorillonite may be a consequence of the electron configuration of the Pb 2+ ion, which is not of the rare gas type. No obvious explanation can be given for the rather low value for Cs-montmorillonite; Garcia et al. The swelling of Na-, K-, Cs-, and Ba-montmoriUonites in DMSO was noticeably slower than that of the other montmorillonites. These slow-swelling montmorillonites (i.e., in DMSO) contain interlayer cations having weak electrical fields: Na-, K-, and Ba-montmorillonite expanded to a 14.3-/~ spacing prior to full expansion to 19.25 ,~. These two levels of expansion correspond to single-layer and double-layer complexes with each layer about 4.8 ,~ thick. Cs-montmorillonite did not show a single-layer 14.3-,~ spacing when ex- posed to DMSO, but expansion to 19.1 A appeared to be slow and possibly was incomplete.
Various methods of preparing Cs-DMSO-montmoriUonite were used. In particular, after initial dispersion of the Na-montmorillonite in water, CsC1 solution was added to give a resulting solution about 0.02 N; the clay remained dispersed. After partial settling of the clay by centrifugation, part of the solution was removed, and more CsC1 solution was added. By repeating this process five or more times, a dispersed Cs-montmorillonite was obtained. After washing the clay and evaporating excess water, a gel was obtained which showed no basal spacings. DMSO was added to the gel, but a crystalline complex was not obtained until most of the liquid was evaporated. Despite these precautions to avoid fiocculation during Cs saturation, the maximum spacing obtained with DMSO was 19.10/~ (Figure 1 ).
Swelling in water-DMSO mixtures
The results for R § and R2+-montmorillonites are presented in Figures 2 and 3 , respectively. Solid symbols indicate spacings obtained from integral or nearly integral 00g diffractions, with ~e extending to 9, 10, and occasionally 7. These values are considered to be accurate to _+0.05 A. Open symbols indicate values less accurately known because of fewer diffractions and/or non-integral effects.
When the mole fraction of DMSO exceeded about 40%, the observed spacings were almost identical with those in 100% DMSO. The results fully confirm the statement of B erkheiser and Mortland (1975) who were The results for R+-montmorillonites (Figure 2 ) are more diverse. Li-, Na-, and K-montmorillonite in water exhibited osmotic swelling, i.e., expansion beyond the crystalline state, where no basal reflections are obtained. This large scale swelling occurred also in water-DMSO mixtures up to about 45, 30, and 10 mole percent DMSO, respectively. Whereas Li-and Na-montmorillonite collapsed to spacings near 18.6 and 18.9 A, respectively, when the limit of osmotic swelling was reached, K-montmorillonite collapsed to a 14.3-A spacing from 10-30 mole percent DMSO, and then expanded to 19.1/~ when the proportion of DMSO exceeded about 35 mole percent. Cs-montmorillonite expanded in water to about 12.45 A (a single water layer complex), but with small additions of DMSO (5-15 mole percent), a 14.3-/~ spacing (single layer DMSO complex) was obtained. Beyond 20 mole percent DMSO, a 19.0-19. I-A spacing (double layer DMSO complex) was formed. Thus, Cs-and K-montmorillonite were similar in giving complexes indicative of single layers of DMSO, though H20 also may have been present. By contrast, Li-and Na-montmorillonite remained fully dispersed in the water-DMSO mixtures until the proportion of DMSO reached the level where the spacing was governed by double layers of DMSO.
CONCLUSIONS
The basal spacings of complexes formed by DMSO with R +-and R2+-montmorillonites are in the range 18.3-19.3 A and, with two exceptions (Cs § and Pb~ § fall on or near a common curve when plotted against q/r 2 (q = valence; r = radius of the R § R 2+ ions). The spacings correspond to two layers of DMSO mol-ecules modified slightly by the intensities of fields of the interlayer cations. In water-DMSO mixtures with more than about 40 mole percent DMSO, the observed spacings were almost identical with those developed in 100% DMSO. The results suggest that the DMSO molecules played a dominant role, with only secondary effects produced by the cations. The presence of DMSO did not suppress osmotic swelling of Li-, Na-, and Kmontmorillonite until the mole proportion exceeded 45, 30, and 10%, respectively. Li-and Na-montmorillonite then collapsed to double-layer complexes, and Kmontmorillonite to a single-layer complex. With an increase of DMSO, Cs-montmorillonite also formed a single-layer complex. Both K-and Cs-montmorillonite formed double-layer complexes at higher proportions of DMSO.
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